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ABSTRACT: Natural or anthropogenic processes can increase the
concentration of uranium (U) and arsenic (As) above the maximum
contaminant levels in water sources. Bicarbonate and calcium (Ca) can have
major impacts on U speciation and can affect the reactivity between U and
As. We therefore investigated the reactivity of aqueous U and As mixtures
with bicarbonate and Ca for acidic and neutral pH conditions. In
experiments performed with 1 mM U and As mixtures, 10 mM Ca, and
without added bicarbonate (pCO2 = 3.5), aqueous U decreased to <0.25
mM at pH 3 and 7. Aqueous As decreased the most at pH 3 (∼0.125 mM).
Experiments initiated with 0.005 mM As and U showed similar trends. X-ray
spectroscopy (i.e., XAS and EDX) and diffraction indicated that U-As-Ca-
and U-Ca-bearing solids resemble uranospinite [Ca(UO2)2(AsO4)2·10H2O] and becquerelite [Ca(UO2)6O4(OH)6·8(H2O)]. These
findings suggest that U-As-Ca-bearing solids formed in mixed solutions are stable at pH 3. However, the dissolution of U-As-Ca and
U-Ca-bearing solids at pH 7 was observed in reactors containing 10 mM bicarbonate and Ca, suggesting a kinetic reaction of
aqueous uranyl-calcium-carbonate complexation. Our study provides new insights regarding U and As mobilization for risk
assessment and remediation strategies.

■ INTRODUCTION

Natural processes and anthropogenic activities such as mining
and management of nuclear wastes can contaminate water
sources. Previous studies have found uranium (U(VI)) and
arsenic (As(V)) exceeding the USEPA maximum contaminant
levels in water sources nearby abandoned mine waste located
in Native American communities.1,2 The concentration of
U(VI), As(V), and other metals can range from μg L−1 to
thousands of mg L−1 at mine waste,1−3 in situ leaching,4,5 mill
tailings,6,7 roll front deposits,8 and post restoration sites. Aside
from industrial activities, groundwater sources that supply
more than 100 million inhabitants contain As concentrations
higher than 0.01 mg L−1.9 Several countries deal with high
concentrations of As in their water sources.10,11 Uranium and
As at these concentrations pose potential health hazards for
communities located near abandoned mine sites or near water
sources with high geogenic concentrations.12

The mobility of both U and As in water depends on redox
conditions, pH, organic and inorganic ligands such as
carbonate or phosphate, iron (Fe), Ca, and a variety of
complex biogeochemical processes.13 Oxidation of U(IV)
through natural weathering or anthropogenic processes can
generate U(VI)-bearing minerals such as schoepite
(UO2 ) 8O 2 (OH) 1 2 ·12(H2O) , b e cqu e r e l i t e [Ca -
(UO2)6O4(OH)6·8(H2O)], liebigite [Ca2UO2(CO3)3·
11H2O], or autunite [Ca(UO2)2(PO4)2·11H2O].

14−16 Oxida-

tion of arsenopyrite transforms As to As(III) and As(V) and Fe
to Fe(III), producing a variety of secondary minerals such as
As coprecipitated with jarosite [KFeIII3(OH)6(SO4)2] and
other Fe(III) oxides (e.g., ferrihydrite [Fe2O3·0.5H2O],
goethite [α-FeO(OH)], hematite [Fe2O3]), which have a
high binding affinity for As(V) at pH < 8.5.17 Uranium(VI)
and As(V) are the predominant oxidation states for redox
conditions characteristic of surface oxidizing environments.
Sorption and oxidative dissolution processes of these
secondary minerals can release U and As into water.
Under oxidizing conditions, U in the aqueous phase

generally occurs as the uranyl ion (UO2
2+) while As occurs

as the pentavalent arsenate (AsO4
3−) oxyanion. Uranyl can

complex with other ligands such as carbonate or phosphate.
The formation of ternary U-Ca−CO3 aqueous complexes
facilitates the mobility of U at pH values higher than 618−21

whereas uranyl and phosphate (PO4
3−) form a stable insoluble

complex over a wide pH range.22 Arsenate remains negatively
charged within a wide pH range given that arsenic acid has
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similar acidity constants as phosphoric acid.23 Arsenic and
phosphorus have similar atomic radii, the same number of
valence electrons, and nearly identical electronegativity and
orbital configurations.24,25 The similarities of phosphate
(PO4

3−) and arsenate (AsO4
3−) ions can potentially affect

the mobility of both U and As in natural waters.
Simultaneous occurrence of U and As in U ores can lead to

the contamination of water bodies.6 Uranium and As have
been found in surface waters, mine waste, and background
soil.2,3 Uranium and As can form various uranyl-arsenate
complexes depending mainly on the pH and U and As
concentrations. For 1:1 conditions, UO2(H2AsO4)(H2O)3

+,
UO2(HAsO4)(H2O)3

0, UO2(AsO4)(H2O)3
− are the dominant

species.26 Uranyl-arsenate complexes deprotonate even at
acidic pH increasing their capacity to react with iron (Fe)
and aluminum (Al) surfaces and to form other U-As bearing
minerals. Thus, the reactivity of U-As complexes may be
relevant for the formation of U-Ca, As-Ca, or U-As-Ca
minerals in Ca-rich waters.6,13 Calcium is commonly
accompanied by carbonate in minerals (e.g., calcite, aragonite,
vaterite).27 Carbonate can limit the interaction between U, As,
and Ca by forming highly stable and mobile U(VI)(hydroxy)-
carbonate and calcium-uranyl-carbonate aqueous com-
plexes.18,28 The reactions between As(V) and Fe(III), and
U(VI) and phosphate and the stability of uranyl-arsenate
mineral phases have been widely studied.13,15,29 However, the
underlying mechanisms of the aqueous reactions affecting
U(VI) and As(V) reactivity26 and the effect of Ca and
carbonate on the mobility of U-As complexes in water are still
unresolved.26

The objective of this study is to determine the effect of Ca,
carbonate, and pH on the chemical reactivity of As(V) and
U(VI) in oxic conditions by integrating batch experiments,
aqueous chemistry, microscopy, and spectroscopy. Our study
advances understanding regarding the role of Ca and carbonate
in the precipitation and solubility of U(VI) and As(V) at pH 3
and 7. The information obtained from this study will provide
new insights concerning the effect of bicarbonate and Ca on
the reactivity and mobility of U(VI) and As(V) in acidic and
neutral waters which is relevant for transport and remediation
applications. Hereafter, we will refer to U(VI) and As(V) as U
and As, respectively.

■ MATERIALS AND METHODS
Reactants. Na2HAsO4·7H2O (>98% purity) was purchased

from Sigma-Aldrich and UO2(CH3COO)2·2H2O (98%),
NaHCO3 (>99.7%), and CaCl2(>96%) were acquired from
ACS chemicals.
Aqueous Chemistry. Experiments were carried out to

investigate the reactivity of soluble As, U, Ca, and bicarbonate
at acidic pH 3 and neutral pH 7. The high and low
concentrations of U and As were selected to represent relevant
conditions found at mine waste,1−3 in situ leaching,4,5 mill
tailings,6,7 roll front deposits,8 and post restoration sites.
Experiments were supplied with stock solutions to reach an
initial concentration of either 1 or 0.005 mM of As and U, 10
mM Ca, and 10 mM bicarbonate. Treatments without added
bicarbonate were also included. Experiments with added
bicarbonate were assumed as closed systems with the exception
of a short period of time during the initial preparation and
sampling, and experiments without added bicarbonate were
assumed to be at equilibrium with atmospheric CO2.
Individual 4 mM stock solutions were prepared to provide a

source of As and U ions using Na2HAsO4·7H2O and
UO2(CH3COO)2·2H2O, respectively. Another set of 20 mM
stock solutions was prepared to provide a source of Ca and
bicarbonate ions using CaCl2 and NaHCO3, respectively. In
order to reach the desired pH, all stock solutions of
Na2HAsO4·7H2O, UO2(CH3COO)2·2H2O, NaHCO3, CaCl2,
and DI water (for dilution purposes) were independently
adjusted dropwise to pH 3 using 12.4 N HCl and dropwise to
pH 7 using 10 N as required before any mixing occurred.
Subsequently, the solutions were mixed as required for each
treatment (Table 1). The final pH was recorded to ensure that

it remained in the desired value (Table S1). Once the
appropriate mixtures were prepared, the vials were mixed at 60
rpm in an analog rotisserie tube rotator (Scologex MX-RL-E,
Rocky Hill, CT, US) and an initial 1 mL sample was taken
from the supernatant. Next, 1 mL samples were taken from the
supernatant at 0.25, 0.5, 1, 2, 4, 24, and 48 h. These samples
were filtered through 0.2 μm syringe filter membranes (Pall
Acrodisc, Westborough, MA, USA), acidified with high purity
HNO3, and refrigerated at 4 °C for subsequent analysis.
Soluble As, U, and Ca concentrations were quantified by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) and trace metal concentrations by inductively
coupled plasma optical mass spectroscopy (ICP-MS). If
precipitates formed, a sample of the solids was taken and
then analyzed with scanning electron microscopy/emission
diffraction spectroscopy (SEM/EDS), X-ray diffraction spec-
troscopy (XRD), and X-ray absorption spectroscopy (XAS).
The pH of all vials was measured at the end of the experiment.
(Note that the Na concentration was not evaluated.)

Solid Analyses. Solid samples were analyzed using X-ray
diffraction (XRD), scanning electron microscopy (SEM), X-
ray fluorescence (XRF), X-ray photoelectron spectroscopy
(XPS), and X-ray absorption spectroscopy (XAS). The details
of these analyses are described in the Supporting Information.

Inductively Coupled Plasma Analyses. The soluble
metal concentration was measured using a PerkinElmer
Optima 5300DV ICP-OES with a detection limit of 0.5 mg
L−1. Trace elemental concentrations were measured with a
PerkinElmer NexION 300D (Dynamic Reaction Cell) ICP-MS
with a detection limit of 0.5 μg L−1. Both ICPs were calibrated
with a five-point calibration curve, and QA/QC measures were
taken to ensure quality results.

Table 1. Experimental Setup for the Reactivity of Soluble
Speciesa

Treatment description pH
As

(mM)
U

(mM)
Ca

(mM)
Bicarbonate

(mM)

Arsenic, calcium, and
bicarbonate

3 or 7 1 0 10 10

Arsenic and calcium
without added
bicarbonate

3 or 7 1 0 10 pCO2 = 3.5

Uranium, calcium, and
carbonate

3 or 7 0 1 10 10

Uranium and calcium
without added
bicarbonate

3 or 7 0 1 10 pCO2 = 3.5

Uranium, arsenic,
calcium, and carbonate

3 or 7 1 1 10 10

Uranium, arsenic, and
calcium without added
bicarbonate

3 or 7 1 1 10 pCO2 = 3.5

aAn analogous experiment was performed at 0.005 mM As and/or U.
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Speciation Calculations. Calculations were carried out
using the open-source computer code PFLOTRAN that runs
on MacOSX, linux, and Windows.30 Speciation calculations
were based on chemical equilibrium modeling using inputs
from experimental conditions used in this study as a tool to

gain insight about aqueous complexation and solid saturation
state. PFLOTRAN can perform speciation calculations with
options to input total and free ion concentrations, mineral and
gas equilibrium constraints, and charge balance. The extended
Debye- Hu ckel algorithm is used to compute activity

Figure 1. Aqueous concentration of U and As plotted as a function of time. Assays were initiated with a mixture of 1 mM U and/or As at pH 3 and
pH 7 (A and B) and with 1 mM of U (C) or As (D) at pH 3 and pH 7. Assays were supplied with 10 mM of calcium (Ca2+), with 10 mM of
bicarbonate (HCO3

−), and without added bicarbonate (pCO2 = 3.5). Error bars represent the standard deviation of triplicate treatments.

Figure 2. Aqueous concentration of U and As plotted as a function of time. Assays were initiated with a mixture of 0.005 mM U and/or As at pH 3
and pH 7 (A and B) and with 0.005 mM of U (C) or As (D) at pH 3 and pH 7. Assays were supplied with 10 mM calcium (Ca2+), with 10 mM of
bicarbonate (HCO3

−), and without added bicarbonate (pCO2 = 3.5). Error bars represent the standard deviation of triplicate treatments.
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coefficients. The PFLOTRAN thermodynamic database was
expanded to include equilibrium constants for becquerelite and
liebigite taken from Gorman-Lewis et al.31 and for troegerite
from Nipruk et al.,32 and includes the most recent update to U
complexes.18,19,33 The geochemical system was described with
eight primary species (UO2

2+, AsO4
3−, Ca2+, Na+, H+, CO3

2−,
Cl−, and acetate−). In the experiments without added
bicarbonate, we assumed a partial pressure of CO2 in the
atmosphere of 10−3.5 bar (pCO2 = 3.5).

■ RESULTS AND DISCUSSION

Aqueous Chemistry Experiments. Temporal variation
on U and As concentrations depended on their mixtures, pH,
and addition of bicarbonate (Figures 1 and 2). The
concentration of aqueous U and As decreased the most in
assays without added bicarbonate (pCO2 = 3.5). In mixtures of
1 mM U and/or As, and 10 mM Ca performed at pH 3
without added bicarbonate, both aqueous U and As decreased
from 1 to <0.25 mM (>75% decrease) (Figure 1). In mixtures
of U, As, and Ca performed at pH 7, aqueous U rapidly
decreased from 1 mM and remained at <0.0004 mM (>99%
decrease, Figure 1A), whereas aqueous As remained ∼0.9 mM
(Figure 1B). Uranium and As behaved differently when mixed
compared to when they were not mixed (Figure 1C and 2D).
Aqueous U and As remained close to 1 mM the entire
experiment at pH 3 (Figure 1C and 2D). At pH 7, aqueous U
rapidly decreased from 1 to ∼0.019 mM (∼80% decrease,
Figure 1C) whereas As concentration remained ∼1 mM
(Figure 1D). Interestingly, the U concentration increased in
mixed and nonmixed reactors containing 10 mM bicarbonate
and Ca at pH 7, suggesting a kinetic reaction of U with
bicarbonate and Ca (Figure 1A and 1C). In assays containing

Ca and bicarbonate, the U concentration returned to its initial
concentration of 1 mM after 4 h (Figure 1C). Arsenic
concentration remained ∼1 mM in assays containing only As,
Ca, and bicarbonate (Figure 1D).
Analogous experiments were performed with an initial

concentration of 0.005 mM U and/or As, 10 mM Ca, with 10
mM of bicarbonate or without added bicarbonate (pCO2 =
3.5). Temporal variation in U and As concentrations depended
on their mixtures, pH, and addition of bicarbonate (Figure 2).
In mixtures of U, As, and Ca performed at pH 3 without added
bicarbonate, both aqueous U and As rapidly decreased from
0.005 to ∼0.0022 (∼55% decrease; Figure 2). In mixtures of
U, As, and Ca performed at pH 7, aqueous U decreased from
0.005 to as low as 0.0013 (74% decrease, Figure 1A) and
aqueous As decreased from 0.005 to as low as 0.0025 mM
(∼50% decrease, Figure 2B). Uranium and As behaved
differently when they were not mixed (Figure 2C and 2D).
At pH 3, the concentration of U and As remained close to the
initial concentration (Figure 2C and 2D), whereas at pH 7 the
aqueous U decreased from 0.005 to ∼0.002 (∼60% decrease,
Figure 2C). For experiments with an initial concentration of
0.005 mM (Figure 2C), the U concentration did not
noticeably increase after reacting with added bicarbonate and
supplied with Ca at pH 7 as observed in experiments using
initial concentrations of 1 mM (Figure 1 C). In mixtures of U,
As, Ca, and bicarbonate, the U concentration increased from
0.0015 to 0.0025 mM (Figure 2A) while the As concentration
remained >0.003 mM. In assays with added bicarbonate and
supplied with U and Ca, the aqueous U concentration
increased over time to its initial value (Figure 2C).

Solid Phase Analyses. Precipitates recovered from the
experiments initiated with 1 mM of U and/or As contained

Figure 3. SEM/EDS analyses of precipitates recovered from experiments initiated with 1 mM U and As and 10 mM Ca at pH 3 (A), and 1 mM U
and 10 mM Ca at pH 7 (B).
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mixtures of U, As, and Ca according to the EDS and SEM
analyses (Figure 3). The solid that precipitated at pH 3
contained U, As, and Ca (Figure 3A), while the solid that
precipitated at pH 7 contained primarily U (Figure 3B). The
formation of these precipitates explains the decrease in the
aqueous concentration of U and As. Due to a limited amount
of solid sample, SEM and EDS analyses were used as an initial
analysis of the solid phases. Additional XRD analyses identified
a similar pattern to that of meta-zeunerite [Cu(UO2)2(AsO4)2·
8H2O] for the solid precipitated at pH 3 (Figure S1 A).
However, the XRD pattern of the solid at pH 7 seems to have a
mixture of solids with similar chemical structure to
becquerelite [Ca(UO2)6O4(OH)6·8(H2O)] and meta-zeuner-
ite (Figure S1 B). Given that our experimental system did not
include Cu, it is likely that Ca is part of the structure of the
uranyl arsenate mineral to form a solid such as uranospinite
[Ca(UO2)2(AsO4)2·10H2O] with similar chemical structure to
that of meta-zeunerite.
Results from U LIII-Edge EXAFS shell-by-shell fits confirm

that a solid with similar chemical structure to uranospinite is
the main solid phase formed in mixed U and As experiments at
pH 3 (Figure 4, Table S2). For experiments having only U or

As at pH 7, U LIII-Edge EXAFS shell-by-shell fits indicate that
becquerelite is the main solid phase formed (Figure 4, Table
S2). These results are confirmed by X-ray diffraction analyses
which identify minerals resembling meta-zeunerite (or
uranospinite given that our experiments have no Cu) and
becquerelite (Figure S1). Note that the structure of
uranospinite has not been yet resolved for several decades.34

Thus, the XRD data for uranospinite are not available in the
ICSD database. Instead, meta-zeunerite was used in its place as
a surrogate. Linear combination fits for U LIII-Edge EXAFS for

reacted solids obtained from mixed U and As experiments at
pH 7 suggest that a mixture of 82.0% uranospinite and 18.0%
becquerelite was formed (Figure 4). The linear combination
fits to Ca K-edge spectra yielded a mixture of 71.6%
uranospinite and 28.4% becquerelite. The linear combination
results for Ca K-Edge EXAFS spectra are within 10% error for
the linear combination fits reported for U LIII-Edge EXAFS
spectra. These results highlight the relevance of precipitation
and dissolution of U-, As-, and Ca-bearing solids under the
conditions investigated in this study.

Solubility Considerations. Precipitation of Uranyl-
Arsenate-Calcium Bearing Solids. Aqueous U and As
decreased in mixtures with Ca and without added bicarbonate
(pCO2 = 3.5) at pH 3 and 7 and aqueous As partially
decreased at pH 7 due to precipitation of a U-As-Ca-bearing
solid similar to uranospinite. Uranospinite is a hydrated
arsenate of Ca and U that usually occurs with other secondary
uranium minerals such as zeunerite [Cu(UO2)2(AsO4)2·H2O],
walpurgite [(BiO)4(UO2)(AsO4)2·2H2O], and troegerite
[(H3O)(UO2)(AsO4)·3H2O]. Uranospinite occurs in small
amounts in calcite rocks as a thin pale yellow to white coating
associated with calcite.35 Uranospinite has also been found in
U ores36,37 and in river beds35 that also contain As. Other
minerals such as meta-zeunerite also occur in U ores rich in As
and other metals.38 The formation of U-As precipitates can
lead to the sequestration of the aqueous forms of both metals
and other cations.24,38 Early work investigating the synthesis of
uranospinite obtained a flocculent lemon-yellow precipitate
utilizing calcium chloride, uranyl nitrate, and monohydrogen
sodium arsenate in molar ratio of 1:2:2 at room temperature.39

Such conditions are similar to those employed in our
experiment. Therefore, our results suggest that the conditions
applied in our experiments likely facilitated the formation of U-
As-Ca-bearing precipitates.
Understanding the reactivity between U and As is relevant

due to the large number of environments where both U and As
simultaneously occur across the world.6,7,12,38 Previous
research investigating the reactivity of U and As has suggested
that a fraction of the U-As complexes deprotonate throughout
an acid pH range.26 Complexed U-As species such as
UO2H2AsO4(H2O)3

+ and UO2(H2AsO4)2(H2O)
0 dominate

in an acidic pH range, while UO2(HAsO4)(H2AsO4)(H2O)
−

species dominate from pH 7.2 to 10.7.26 These U-As species
enable the sorption of U onto Al and Fe oxy(hydroxides)26

suggesting that an analogue behavior can occur with Ca
oxy(hydroxides) as well. The affinity between U, As, and Ca is
not surprising as arsenates are usually considered an analogue
of phosphate minerals with similar sizes and charges in their
ionic units.24 Phosphates are well-known for forming
precipitates of limited solubility with U and Ca such as
autunite (Ca[(UO2)(PO4)]2·11H2O).

40,41

Precipitation of Uranyl-Calcium Solids. Experiments
showed that the concentration of U decreased in the
experiments without added bicarbonate (pCO2 = 3.5) and
supplied either with only U and Ca or with a mixture of U, As,
and Ca due to the precipitation of the uranyl-calcium solid
resembling becquerelite. Becquerelite (Ca(UO2)6O4(OH)6·
8H2O), a hydrated uranyl oxyhydroxide mineral phase, is one
of the most commonly occurring secondary uranyl carbonate
minerals.42 Hydrated uranyl oxyhydroxide phases mainly form
in uranium rich aqueous solutions and develop early on during
the oxidation and corrosion of uraninite-bearing ores.43,44

Becquere l i te and other minera l s such l ieb ig i te

Figure 4. EXAFS spectra, shell-by-shell fits, and linear combination
fits corresponding to solid samples reacted with U, As, and Ca at pH 3
and 7: U LIII-edge EXAFS spectra (A); Ca K-edge EXAFS spectra
(B); and results from linear combination fits (C). Solids samples were
taken from the experiments supplied with 1 mM of U and As, 1 mM
U, 10 mM of Ca and without added bicarbonate (pCO2 = 3.5).
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( C a 2 UO 2 ( CO 3 ) 3 · 1 1H 2O ) , K - c om p r e i g n a c i t e
(K2(UO2)6O4(OH)6·8(H2O)), and Na-compreignacite
(Na2(UO2)6O4(OH)6·8(H2O)) are commonly present in
uranium ores with oxidizing conditions and abundance of
Ca, K, or Na.31,45

According to the speciation calculations, becquerelite is
oversaturated (saturation index = 0.56) at pH 7 (Table S3). A
recent study suggested that U can form precipitates with Ca
and hydroxyl for pH values >5, consistent with our results in
absence of bicarbonate or other complexing agents.46 Research
has also suggested that formation of synthetic becquerelite can
take place in a circumneutral pH range.47 Previous work
included synthesis of becquerelite by the addition of
stoichiometric quantities of uranyl and calcium nitrate at
room temperature, basic pH, and oxidizing conditions or by
oxidizing schoepite.44 Our findings suggest that the conditions
applied in our experiments facilitated the formation of U-Ca
precipitates.
Effect of Bicarbonate on Precipitate Solubility. Bicarbon-

ate facilitated the dissolution of U-As-Ca and U-Ca precipitates
(Figures 1A,B,D and 2B,C). Our results suggest that solids that
initially precipitated, decreasing the U and As concentration,
completely or partially redissolved over time in contact with
bicarbonate. Other studies have also observed this phenom-
enon with U but did not focus the redissolution of U
precipitates due to the reaction with bicarbonate.47,48 Initially,
the dissolved U and As concentrations were low leading to low
solubility of U-bearing minerals and hence highly super-
saturated conditions. As the U reacted over time in both mixed
(Figure 1A) and nonmixed systems (Figure 1C), the
concentration of uranyl-carbonate complexes increased, and
the minerals dissolved until almost complete dissolution took
place.
Speciation calculations using experimental conditions for

this study at pH 7 with 1 mM mixtures of U and As and 10
mM of Ca and bicarbonate suggest that the main U aqueous
complexes were Ca2UO2(CO3) (74.4%) and CaUO2(CO3)3

2−

(14.4%). The main As complexes were HAsO4
2− (88.9%) and

H2AsO4
− (11.1%) for the experiments supplied with U and As

(Table S4). Simulations of the experiments supplied with U
and As 1 mM mixtures, 10 mM of Ca, and without added
bicarbonate (pCO2 = 3.5) at pH 7 suggest that the main U
complex was UO2HAsO4(97.7%) while the dominant As
complexes were HAsO4

2− (52.9%) and H2AsO4
− (47.1%)

(Table S5). In the experiments supplied with 1 mM of U and
10 mM of Ca and bicarbonate, simulations indicated that the
main species were Ca2UO2(CO3)3(79.9%), CaUO2(CO3)3

2−

(12.8%), and UO2(CO3)3
4− (8%) (Table S4), while the main

complexes without added bicarbonate (pCO2 = 3.5) were
(UO2)2CO3(OH)3

− (62.3%) and (UO2)3(OH)5
+ (26.7%)

indicating the role of bicarbonate complexing with U and Ca
(Table S4).
Previous studies have indicated that carbonates facilitate the

formation of aqueous uranyl-carbonato complexes18−20,31,49−51

in agreement with our findings. Aqueous uranyl carbonato
complexes alter U sorption at circumneutral pH and high
partial CO2 pressures,

47 and limit retention particularly when
Ca is present.49 The distribution of uranyl-calcium-carbonato
complexes depends on the specific aqueous geochemical
conditions such as concentrations of alkaline earth metals,
pH, pCO2, U concentration, inorganic and organic ligands, and
ionic strength.18 In our experiments, the reaction of solids with
bicarbonate solubilized either partially or completely U over

time (Figure 1A,C) as evidenced by the increase in the U
concentration with time. The synthetic nature of the
precipitates may have facilitated their dissolution since research
suggests that synthetic becquerelite is more soluble than
natural becquerelite.44

The effect of bicarbonate on metal solubility is well-known.
Carbonates are typically used to extract metals from soils and
sediments including U and As.52−55 For instance, 1 M sodium
bicarbonate extracted ≈97% of U from a contaminated soil.52

A concentration of 0.5 M sodium bicarbonate leached up to
90% of U in flow-through column experiments.53 Sodium
carbonate and sodium bicarbonate leached from ≈6.5 up to
≈27 more As compared to barium and manganese carbonate
salts.54 These previous results suggest that the 10 mM of
sodium bicarbonate added to the system complexed U and As.
This assumption was supported by our modeling results.
More information is necessary to better understand the

mechanisms affecting the solubility of uranyl arsenate solids in
environmentally relevant systems. Other work has observed the
increase of aqueous U over time caused by the formation of U-
Ca-CO3 complexes.56 Additional research is necessary to
identify specific equilibrium constants and kinetic constraints
of the role U-Ca-CO3 complexes in the dissolution of U-Ca
and U-As bearing solids.

Environmental Implications. Our findings indicate that U,
As, and Ca can react to form U-As-Ca precipitates at pH 3 and
a combination of U-Ca and U-As-Ca precipitates at pH 7. XAS
and XRD analyses suggest that the precipitates resemble
uranospinite and becquerelite. These results are in agreement
with research indicating that As sequestered U leading to the
formation of an immobile U-As mineral phase.38 Bicarbonate
facilitates the dissolution of U-, As-, and Ca-bearing solids.
These results agree with previous studies which found that
bicarbonate and Ca facilitated the mobilization of uranium and
arsenic in the aqueous phase.18,50,54,57 Future studies are
needed to explore the role of kinetics in the formation of
uranyl-carbonate complexes that can affect mineral solubility at
alkaline pH.
We recognize that these results are derived from data

obtained from batch experiments performed under controlled
laboratory conditions. Thus, the conditions investigated are
simplifications of the natural environment found in mine waste,
in situ leaching, mill tailings, roll front deposits, and post
restoration sites. More research is necessary to investigate
more complex mixtures of metals, pH range, and variability of
oxic and anoxic conditions. Nonetheless, our research provides
new insights about potential reactions occurring between U
and As and the role of bicarbonate and Ca in their
mobilization.
In mine tailing management facilities, mine waste, or natural

systems where U and As simultaneously occur,1,6,58 the
reactivity between U and As can lead to the formation of
precipitates, such as uranospinite, decreasing the mobilization
of U and As. However, in mine facilities, if the leachate remains
untreated and reaches alkaline water bodies, U and As will
likely be mobilized into the aqueous phase. Our results also
suggest that U and As can be removed in remediation of
systems that already deal with acidic waste, and cations such as
Ca may facilitate the precipitation of U-As-bearing minerals. As
a whole, our study provides insights about U and As
mobilization and information for possible remediation
approaches.
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